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ABSTRACT

Aspartase from Enterobacter aerogenes alvei (formerly
Bacterium cadaveris Gale, 1944) was purified 30-fold.

This purified

enzyme, although not pure aspartase, as shown by ultracentrifugation
studies, was free of any enzyme which might complicate the study of
aspartase.
The enzyme was found to be unstable.
maintained only if 10
times.

Activity could be

M 2-mercaptoethanol were present at all

Activity during storage could be maintained only if the

enzyme were stored as the frozen ammonium sulfate precipitate.

All

attempts to reactivate inactive aspartase preparations were futile,
Aspartase was shown to be a single enzyme rather than two
different enzymes as previously proposed.

When analyzed in the

preparative ultracentrifuge, it was found to have a molecular weight
of 200,000.

It is a very acidic protein as evidenced by its strong

adsorption on DEAE and ECTEOLA celluloses.
Adenosine-5'-monophosphate was found to have no effect on the
activity or stability of the enzyme.

Results also indicate that it

does not possess any allosteric effect.
The metal requirements of the enzyme were investigated.
Since procedures commonly employed to render metalloenzymes inactive
were ineffective with aspartase, it was proposed that the metal may have
an effect different from that normally encountered in metalloenzymes.

vii

Aspartase exhibited a pH optimum at pH 8 5 and an apparent
-3
Michaelis constant of 1.5 X 10
An apparent R ^ o f 2,2 X 10

M in Tris-HCl buffer at pH 7.0.

H was observed in phosphate buffer at pH

7.0, thus demonstrating the inhibitory effect of secondary phosphate
anion on the reaction

Aspartase was found to be stable between pH 6.0

and 7.5 in Tris-HCl buffer
An analysis of the pH dependence of the Michaelis parameters
indicated the presence of ionizing groups in the free enzyme at pH
6,5 t. 0.2 and 7.0 t

0.2 and in the enzyme-substrate complex at pH 8.5

The values are probably indicative of the presence of histidine and
cysteine at the active site
A carbanion mechanism which is consistent with all available
data was proposed for aspartase, and the metabolic role of the enzyme
was discussed
The organism Bacterium cadaveris Gale, 1944, was reclassified.
It is recommended that the name be changed to Enterobacter aerogenes
subspecies alvel

INTRODUCTION

The basic study of any enzyme system affords the researcher
with two important types of knowledge.

First of all, it results in

the elucidation of the details of catalysis of the given enzyme; and,
secondly, it results in knowledge which may be applied to other
enzymatic systems.

Our knowledge of enzymology has made considerable

strides in recent years; yet, there remain many enzymes which have
been studied only to a limited degree.

The enzyme aspartase fits

into this category.
This enzyme is by no means a newly discovered one.

It has

been known for some time and has been the subject of research by many
investigators.

Indeed, this further complicates any study of this

enzyme since many conflicting reports are present in the literature.
It was the purpose here to obtain the necessary fundamental knowledge
of this enzyme to allow further detailed study of its mechanism of catalys
The studies repo-ted herein were specifically undertaken:
(1) to establish the experimental conditions whereby preparations
of

aspartase of high purity and stability
(2)

could be obtained,

to determine certain characteristics of the enzyme such as

its molecular weight, chemical nature, kinetic parameters, and its
activity under various conditions,
(3) to learn something of the' mechanism of
an

indirect

study of

the active site, and

catalysis through

(4)

to assist in clarifying some of the conflicting reports

which abound in the literature of aspartase.

LIIERATURE REVIEW

The enzyme which catalyzes the reversible conversion of
L-aspartlc acid to fumaric acid and ammonia has been known for about
65 years.

Its existence was first postulated by Harden in 1901 (1);

but Quastel and Woolf (2) in 1926 established the stoichiometry of
the reaction and demonstrated that it was catalyzed by a deaminase
rather then by an oxidase
"aspartase" by Woolf (3).
ammonia lyase,

This deaminase was given the name
This enzyme should now

be

called "L-aspartate

(', 4,3 1.1" under the system ot '■Miu-nc lature adopted

by the Inte rnat if rial 'nion of Biochemistry in 1961 (4)
"aspartase" will

be

However,

:~ed throughout this thesis for the sake of

brevity and familiarity.
Four recent comprehensive reviews of the literature of aspartase
have been compiled ana are readily available (5, 6, 7, Si; hence, no
attempt to review the literature in its entirety will be made here.
Instead only thoit re: rences have been included which are pertinent
to the scope of this paper, or more recent references, not covered in
one of the above, which contribute to the over-all knowledge of
aspartase.

Furificat ion of the Enzyme
Columns of XE-64 carboxylic cation exchange resins, buffered
with 0.2 M phosphate at pH values of 6, 7, and 8 were used by Bagala (8);
but no purification was effected.

Scott (6) found diethylaminoethyl

3

(DEAE) cellulose to be of no value when employed in column chroma
tography because of inactivation of the enzyme during prolonged contact
with the resin.

He did, however, employ the material in a batch-wise

purification step with good results.

Depue and Moat (9) used the

resin to effect an eight-fold purification; however, considerable
dilution of the enzyme resulted from their procedure,
Preliminary results obtained by Miles A

Doyle in this labora

tory showed carboxymethyl cellulose and calcium phosphate gel under
a variety of condition? to be of little or no value in the purification
of aspartase

Very promising results were obtained, however, with DEAE

cellulose.
Scott (6) also employed alumina Cy

gel to grear. advantage,

obtaining a three fold purification by this one step.
Ellfolk (5) and later Scott (6) employed a pH fractionation
step which resulted in a fumarase-free preparation of aspartase.
Wilkinson ana Williams (10) have shown that aspartase is not
precipitated in the ultracentrifuge at 114,400 X g for 2 hr.

Optlmum £H Studies
Table 1 summarizes the published results and the experimental
conditions of various optimum pH studies of the aspartase reaction
employing cell-free extracts.

Since the use of whole cells introduces

various factors such as cell wall permeability and transport
mechanisms which complicate the analysis of the data, such studies
have been omitted.

The work of Ellfolk (5) is particularly interesting

in that it shows the inhibition of aspartase by secondary phosphate
anion and the pH optima of both the forward and reverse reactions.

The

use of phosphate buffers resulted in pH optima in the neighborhood of

TABLE I
OPTIMUM pH STUDIES ON ASPARTASE FROM THE LITERATURE

E nzym e so u rc e

B uffer

E sc h e ric h ia coli

*

*

0. 067

phosphate

S u b strate
co n cen tratio n

O ptim um pH

Ref.

*

7 .6

12

0. 01M a s p a rta te

7 .5

13

0. 005 M_ a s p a rta te

7 .2

14

B a cteriu m c a d a v e ris

v e ro n a l-a c e ta te
p = 0.15

B. c a d a v e ris

0.1 M phosphate

*

6 .5 - 6 .8

14

P ro p io n ib acte r ium
p e te rs s o n ii

0. 03 M a c e ta te
0. 03 M_ T ris-H C l

*

7 .8

5

P . p e te rs s o n ii

0. 06 M phosphate

*

6 .5

5

P. p e te rs s o n ii

0. 01 M v ero n a l a c e ta te

*

7.2**

5

B. c a d a v e ris

0.1 M phosphate

0.12 21 a s p a rta te

7. 8

6

E . co li

0 .2 M phosphate

0. 4 M a s p a rta te

6 .9

15

B. c a d a v e ris

0. 05 M phosphate

0. 01 M a s p a rta te

7 .2

10

B. c a d a v e ris

0.1 M phosphate

0. 06 M fum arate***

7. 0**

16

* - not re p o rte d
** - f o r the r e v e r s e re a ctio n
*** - u sin g 0. 02 M_ hydroxylam ine in stea d of am m onia

pH 7.0 with the exception of Scott's data (6),

A shift to the

alkaline side was usually obtained when buffers other than phosphate
were used.
It should be noted that some of the reported values were
obtained by prolonged incubation periods; and, with the exception
of the data of Scott (6), were obtained by measuring the ammonia
produced.

Scott, by using the spectrophotometr1c method of assay (11),

is the only one who actually measured initial rates and thus removed
the factors of pH stability and changing substrate concentration from
his assay.
It has been generally assumed (5) that aspartase is stable
between pH 6 and 8

Apparent Michaelis Constants of Aspartase
All of the reported apparent Michaelis constants (K^) for
partially purified aspartase are of the order of 0 02 M regardless of
source and degree of purity of the enzyme

It is important to note

that all analyses listed in Table II were run in phosphate buffer.
Whole cells, on the oth°r hand, have lower
previously stated,

the

use

values (0.008 M).

As

of whole cells introduces complicating factors,

and the values thus obtained may not be truly indicative of the aspartase
system alone.

Different Aspartases
Gale (12) proposed that E, coli extracts contained two different
aspartases which he called Aspartase I and II.

The former was

unaffected by toluene and adenosine and was precipitated by ammonium
sulfate concentrations in excess of 50%.

The other enzyme was

T A B L E II
MICHAELIS CONSTANTS O F ASPARTASE FROM THE LITERATURE

Enzym e so u rc e

B ulter

km

pH

R em ark s

Re

P ro te u s X-I9

0 008 M

0 066 M phosphite

7 2

whole c e lls

17

B acteriu m
c a d a v e ris

0 008 M.

0 05 M phosphate

6 8

whole c e lls

14

B. c a d a v e ris

0. 0? M_

0 05

phosphate

6 8

globulin fractio n

14

B. c a d a v e ris

0 0I4M

0. 05 M ph^'-'phate

6 8

album in fractio n

14

B. c a d a v e ris

0. 0114

0 016 M phosphate

7

d rie d c e lls

18

B. c a d a v e ris

0. 011 M

0 016 Mphosphat*

7

sonic e x tra c t

18

B. c a d a v e ris

0 0055

0 016 M phosphaie

7

g lu co se-t rea ted c e lls

18

E sc h erich ia
coli

0. 03 M

0 05 M phosphate

7 4

(NH4 *2SC>4 p re c ip ita te

11

B. c a d a v e ris

0. 0129 M_

•

alum ina C y elu ate

6

B. c a d a v e ris

0. 017 M.

0. 05 M phosphate

7 0

e le c tro p h o re s is p rep

10

E. coli

0. 033 ML

0. 25 M phosphate

7 2

(NH4 )2S04 p re c ip ita te

9

B. c a d a v e ris

0. 03 Rt

0,1 ^4 phosphate

6 8

( N H ^ S O j p re c ip ita te

16

* - not re p o rte d

*

phosphate

completely Inhibited by toluene, required the presence of a coenzyme
for activity, and precipitated in the globulin fraction.

The coenzyme

of Aspartase II was found to be adenosine or, to a lesser degree,
adenylic acid.

The report by Williams and McIntyre (14) that both

the albumin and globulin fractions of a sonic lysate of B

cadaveris

exhibited identical characteristics tended to disprove the idea of more
than one aspartase

Effect of AMP on the Aspartase Reaction
Many reports, such as Gale's cited above, have shown a stimu
lation of the aspartase reaction by the presence of adenylic acid
(AMP), adenosine, or other purine derivatives (6, 18, 19, 20, 21):
however, Williams and McIntyre (14) have reported the effect of AMP
to be weak andinconsistent
AMP was shown by Trudinger (21) and by Smith and Lichstein (18)
to be a source of fermentable material which presumably supplied energy
for the transport of aspartic acid into whole cells

Scott (6) has

shown that AMP is not involved directly as a coenzyme by the intermediary
formation of adenylosuccinate from the condensation of AMP and fumarate
or inosine-5'-phosphar= and aspartate.
Recently Phillips (22) has reported that AMP is important in
the conversion of inactive monomers of threonine dehydrase into active
dimers.

Such a role for AMP has also been postulated for glutamate

dehydrogenase (23) and aspartate transcarbamylase (24).

Chemical Nature of Aspartase
Ellfolk (5) from a study of the relationship between pH and the
activity and stability of aspartase postulated that a group with a pK

about 6 was necessary for activity.
imidazole.

This group was assumed to be

Inhibitor studies and studies investigating the

stimulation of the reaction by reducing agents have clearly indicated
that an essential sulfhydryl group is present in the enzyme.

There is

some experimental evidence that aspartase is a metalloenzyme with
-I _L

low specificity for a divalent metal, Co
being employed (9, 10)

| r|

, Mn

, and Mg

usually

The "natural" activator appears to be very

tightly bound to the enzyme since prolonged dialysis against EDTA
will not remove all the activity (6),

General
Aspartase has generally been assumed to be limited to bacteria
and to a few species of plants (7); however, it wap recently reported
by Kurata (25) to be present during the ontogeny of the frog Rhacophorus
schlegelii var

arborea

Although no attempt to isolate the enzyme

was made, his data indicate that aspartase may indeed be present.

This

is the only reported occurrence in a higher animal.
Emery (16) reported that hydroxylamine could replace ammonia
in the aspartase-catalv?ed addition to fumaric acid giving rise to
N-hydroxyaspartic acid

This reaction is significant in that it could

provide a pathway for entry of hydroxylamine into general nitrogen
metabolism provided an enzyme is present which catalyzes the conversion
of N-hydroxyaspartic acid to aspartic acid.

This enzyme has not been

further investigated
The glucose inhibition of aspartase synthesis has been re
investigated by Farley and Lichstein (26) in the light of our present
knowledge of enzyme synthesis

They concluded that a metabolite

of glucose and not glucose itself was the actual repressor of aspartase
synthesis,
Halpern and Umbarger (27), by studying the occurrence of glutamic
dehydrogenase and aspartase under various conditions of growth of
E. coll. concluded that the former was primarily involved in the
assimilatory pathway of ammonia; whereas, aspartase was involved in
the dissimilatory pathway
Haight and Morita (15) investigated the

effect of hydrostatic

pressure and temperature on the aspartase reaction

They concluded,

among other things, that other active sites may be exposed at higher
temperatures due to an unfolding of the enzyme
Englard (28) and Krasna (29) independently proposed that the
aspartase reaction occurs by a cis elimination of ammonia from
aspartic acid

A later paper by Gawron and Fondy (30), based upon

nuclear magnetic resonance data, presented conclusive evidence that the
elimination is trans

MATERIALS AND METHODS

Bacteriological Cultures and Procedures
Enterobacter aerogenes subspecies alvei (formerly Bacterium
cadaveris Gale, 1944) was maintained either in stationary liquid
o
culture or on agar slants at 30 . The culture medium consisted of
1% yeast extract, 1% tryptone, and 0.5% K^HPO^

Solid medium

contained 2%, agar in addition to the other compounds
For the isolation of aspartase, cells were grown in six liters
of the above liquid medium dispensed in 13-liter glass carboys.

Growth

from a 10% inoculum proceeded for 48 hr without aeration or agitation.
Cells were harvested in a Servall RC•2 continuous flow refrigerated
centrifuge at 15,000 rpm, washed with 0 08 M KCl, and frozen until
used.
As part of this study an attempt was made to reclassify the
organism.

The complete details are given in the Appendix.

basis of our data and
in his laboratory, Dr

On the

. serological typing of the organism conducted
W

H

Ewing of the Communicable Disease Center

in Atlanta, Georgia, recommended that the name B. cadaveris Gale, 1944,
be changed to Enterobacter aerogenes subspecies alvei.

Chemical Reagents and Procedures

Materials
L-aspartic acid was purchased from K and K Laboratories.

Only

one ninhydrin-positive spot was detected when a sample of this compound

11

was chromatographed using butanol, acetic acid, and water (4:1:1, v:v:v)
as solvent.

The chromatograms were also negative for permanganate*

reducing spots.

Of three brands of aspartic acid tested, only K and K

brand was free of impurities detectable on paper chromatograms.
Protamine sulfate, N-ethylmaleimide (NEM), and 5*-adenylic acid
(AMP) were products of Nutritional Biochemicals Company-

Crystalline

bovine plasma albumin was obtained from Armour Laboratories; 5'-inosine
monophosphate (IMP), General Biochemicals Company; 2-mercaptoethanol
(ME), California Corporation for Biochemical Research; thioglycollic
acid (TGA), Eastman Organic Chemical Company; tris-(hydroxymethyl)aminomethane (Iris), Fisher Scientific Company; and crystalline bovine
catalase, Worthington Biochemicals
The yeast extract and the tryptone were products of Difco
Laboratories

biethylaminoethyl (DEAE) cellulose was obtained from

Carl Schleicher and Schuell, and the LL 1EOLA cellulose was the_CeTTE3t-E
of Bio-Rad Laboratories

Procedures
Aspartase was assayed routinely by the spectrophotometric method
of Racker (11) with

ral modifications

The reaction medium contained

1.0 ml of 0.15 M Tris-HCl buffer pH 7.00, 0 3 ml of 0 5 M L-aspartic
acid neutralized with K0H to pH 7 00, 0,1 ml of 6 X 10 ^ M MgSO^, 0.1 ml
of 3 X 10

_\

M EDTA at pH 7 00, 1.4 ml water, and 0.1 ml of enzyme.

The change in absorbancy per minute at 240 mp was observed in one-cm
silica cells in a Beckman Model DB spectrophotometer equipped with a
Sargent millivolt recorder and a constant temperature cell housing
through which water at 30“ 1° was pumped.

The molar extinction

coefficient of potassium fumarate under very similar conditions was
reported by Emery (16) to be 2.53 X 10
is expressed as
hour.

3

M

-1

-1
cm

Aspartase

activity

uMbles of fumarate formed per milligram protein per

A unit of aspartase is that quantity of enzyme which produces one

pMole of fumarate in one hour.
Aspartase can also conveniently be assayed by measuring ammonia
production

A similar reaction mixture is Incubated for a specified

time (not to exceed 30 min); and the reaction is then stopped by the
addition of 0 1 volume of 25"/= trichloroacetic acid,

Ammonia concentration

is then measured by direct Nesslerization (31) or by the Conway technique
(32).

The latter must be employed if mercaptoethanol (ME), AMP, IMP, or

other such compounds are added to the assay
Protein was determined either by the s-ulfosalicylic acid method
of Exton (33) or by the procedure of Lowry et a_l

(34), both of which

were standardized against bovine plasma albumin
Linear sucrose gradients (5 to 207- w/v in 0 05 M Tris-HCl
buffer pH 7 0) were prepared with a gradient maker constructed from
Lucite as directed by Martin and Ames (35)

The total volume of each

gradient was 4 3 ml, and 0 10 ml of enzyme was layered carefully on
each gradient contained in 0 5 X 2-inch lusteroid centrifuge tubes.
Centrifugation was carried out in a Spinco Model L-2 preparative
ultracentrifuge using a SW-39 swinging bucket rotor.

A temperature

of 3° and a speed of 35,000 rpm were maintained during the 12- to
15-hr centrifugation

After deceleration, the gradients were removed

and fractionated into either 20 to 22 fractions of 20 drops each or
35 to 40 fractions of 10 drops each.

The tubes were punctured with a

22-gauge hypodermic needle without Luer fitting mounted on a ring

stand support (35)

The fractions were stored in ice until all

analyses were completed.
The enzyme was isolated according to the following procedure:
Step 1. Insonation:

The packed cells were suspended in 2
_

3

volumes of 0 1 M phosphate buffer pH 7 0, that was 10
to mercaptoethanol

M with respect

The suspension was subjected to ultrasonic

vibrations in a Branson Model LS-75 sonifier for four to six 1-min
intervals.

o
The temperature was maintained below 10 throughout the

entire procedure

The sonic lysate was then centrifuged in the

Spinco Model L-2 ultracentrifuge using the No

30 rotor at 30,000

rpm for one hour
Step 2, Protamine sulfate precipitation:

After centrifugation,

the clear amber solution was decanted, and the protein was determined
by the method of Exton
buffer containing 10
mg/ml

The solution was diluted with 0.1 M phosphate
M ME until the protein concentration was 30

Protamine sulfate equal to 15% of the total protein concen

tration was dissol' d in the above buffer containing ME to form a
17c solution of protamine sulfate

This solution was added drop-

wise with continuous = irring to the above supernatant.

During this

and all subsequent manipulations, the temperature was rigidly maintained
at 4°.

After addition of the protamine sulfate solution, stirring was

continued for 30 min

The material was then centrifuged in the Servall

RC-2 for 30 min at 15,000 rpm, and the precipitate was discarded.
Step 3, pH fractionation:

The supernatant from above was adjusted

rapidly to pH 4 2 with 2 M acetic acid as measured in a Beckman expanded
scale Zeromatic pH meter with glass electrodes.

The material was

immediately centrifuged at 15,000 rpm in the Servall RC-2 for 10 min,

and the supernatant was discarded

The precipitate was suspended in

0.1 M phosphate buffer pH 7.0 (containing 10

-3

-5
M ME and 10
M MgSO^)

to a volume equal to half that at the beginning of step 3.

Resuspension

of the thick gummy material was aided by two or three short insonations
with the Branson ultrasonifier.

The material was centrifuged at 15,000

rpm for 15 min in the Servall RC-2
Step 4, Ammonium sulfate precipitation:

To the supernatant

from above were added one-twentieth volume of 1 M phosphate buffer
pH 7.4 and sufficient finely pulverized ammonium sulfate to bring the
concentration to 30%

After stirring for an additional 15 min, the

material was centrifuged at 15,000 rpm in the Servall RC-2 for 15 min,
and the precipitate was discarded.

Additional finely pulverized

ammonium sulfate was slowly added to bring the concentration to 55%.
After stirring an additional 15 min, the material was centrifuged as
before, and the supernatant was discarded

The precipitate was usually

stored in the freezer, under which conditions the aspartase is quite
stable, retaining all of its activity for at least six months.
Step 5, Dialysis:

The frozen ammonium sulfate precipitate was

suspended in a minimutr volume of 10
containing 10

-3

M Ml and 10

-5

-2

M phosphate buffer pH 7.0

M MgSO^ and dialyzed against the same

buffer until the dialysate gave only a faint color with Nessler's
reagent.

The dialysate was changed every 30 min, and about 6 liters

of the buffer were required

The enzyme was occasionally frozen at

this step; however, denaturation occurred rapidly with about 50% of the
activity being lost after two weeks storage.
Step 6, Column chromatography:
were prepared in the following way,

Both DEAE and ECTEOLA celluloses

Fines were removed by sedimentation

in distilled water until the liquid above the resin was clear after
a 20-rain settling interval.

The resin was then treated twice with

saturated KC1 and collected on a Buchner funnel.
chloride-free with distilled water
10

_2

It was then washed

The resin was then suspended in

M phosphate buffer pH 7 0, filtered, resuspended, and equilibrated

with this buffer until used.

Regeneration of the resin was accomplished

in the same fashion.
Either 1 X 20-cm or 2 X 20-cm jacketed columns were prepared
by allowing the resin to sediment by gravity.
were further packed with nitrogen at 15 psi

DEAE cellulose columns
The columns were then

washed with two volumes of the equilibrating buffer

Flow rates were

maintained at 1 ml per 3 to 5 min
The conditions employed in a typical 2 X 20-cm DEAE cellulose
column were as follows:

Five ml of enzyme solution containing 20 rag/ml

of protein w^re applied to the column followed by 95 ml of 10
phosphate buffer pH 7 0

M

The column was then washed with 150 ml of this

same buffer made 0 ^ M with respect to KCl

The enzyme was eluted

with 100 ml of 0 7 M KCl dissolved in the above buffer.

Ten-ml fractions

were collected in test *: jbes containing 0 1 ml of 0 1 M ME

The enzyme,

under these conditions, eluted quite sharply with the 0 7 H KCl front.
Only a one to two*fold dilution of the enzyme resulted
If a 1 X 20-cm column were run, all volumes were appropriately
decreased to one-fourth of that reported above.
The ECTEOLA column was eluted by a linear gradient (from zero to
0.5 M KCl) in 10’^ M phosphate buffer pH 7.0

The gradient was made

using a Buchler rectangular Varigrad, and the fractions were collected
in a Spinco Model 133 refrigerated fraction collector.

The enzyme was

eluted at about 0.25 M KC1

Usually only one or two active fractions

were obtained; the total dilution was about two-fold.
The enzyme as eluted from either column was extremely unstable
and had to be either used immediately or precipitated by ammonium
sulfate, which was added to saturation

Lyophilization, in this case

using an Aminco portable freeze-dry apparatus, was unsatisfactory;
approximately 50% of the activity was lost after four weeks storage
in the freezer.

EXPERIMENTAL RESULTS

Purification of Aspartase
A summation of the purification scheme employed in this study
is presented in Table III

This procedure yielded a product with

a specific activity higher than any previously reported.

Only a 20%

yield was obtained, but the value of the scheme lies in the fact that
one can obtain a 30-fold purification in a relatively short time.

If

one begins the insonation early in the morning, it is possible to obtain
the ammonium sulfate precipitate in about 8 hr

Dialysis during the

early evening and chromatography overnight with the aid of an automatic
fraction collector result in a purified product early the following
morning

For an enzyme which is as unstable as aspartase, it is

important that the purification scheme be relatively simple and rapid.
Whereas the preparation so obtained is not pure aspartase as
shown in Figure 1, it is free from any enzyme which might complicate
the study of aspartase

No activity could be demonstrated by

measuring either ammonia production or increase in absorbancy at 240
m|i with any of the following substrates: D-aspartic acid, DL-malic acid
(fumarase assay), L-glutamic acid, L-asparagine, DL-£-methylaspartic
acid, AMP, and IMP

All substrates were assayed at 0.05 M except the
.3

two nucleotides which were assayed at 10

M

It has previously been reported that aspartase could deaminate
D - tC -aminobutyric acid (7)

This was later found to result from the
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T A B L E III
PURIFICATION O F ASPARTASE
Step

Volume
ITTlJ'

Prot* if*
img/mV

TP f d t ,r>
.

Specific
A ctivity

Total Units

(b)

Fold

_

1

Insonation

Hi

4. 5

4*45

73

3 .5 X 105

2

P ro U m in e sulfate

168

9 5

1596

128

3 pH 4, 2 p re c ip ita te

46

8 8

405

290

2 0 X 105
5
1 2 X 10

4. Am m onium su lfate
0 - 30%
3 0 - 55% <c)
55 - 75%

14 2
8 8
5 6

17 5
J5 6
4 8

°46
J36
»7

80
66 5
152

5. DEAE colum n

20

? "’5

55

1)30

4
2 X 10
9 X 10’
4 XIO3
4
6 X10

5a. ECTEOLA colum n (d>

20

} 7

34

O,no

7 X I o4

(a)
(b)
(c)
(d)

R ecovery
<%>

—

—

57

1 8

34

4

26

9.1

17

15 5

20

29

Specific activity: p M oles fu m a ra tc /m g p r^ te m /h r
An enzym e unit; that quantity of ep7ym e w h'ch p ro d u ces 1 p Meh fu m a ra te /h r
Used in next step
H ypothetical re s u lts calcu late d from data obtained with other colum ns, assu m in g all
of the 30 - 55% am m onium su lfate frac tio n from ste p 4 w ere ch rom ato g rap h ed

I
i

F igure 1
SEDIMENTATION BEHAVIOR O F ASPARTASE
CHROMATOGRAPHED ON DEAE CELLULOSE
The activ ity plotted is the change in -b'-orbancy at 240 mp p e r m in under the sta n d ard
conditions of a ssa y . P ro tein values a r e ab^orbancv read in g s at 280 mp which ag re ed well with
p ro tein v alu es obtam ed by the I- v> > m et bed
The shoulder on the activ ity c u rv e at tube 3
is probably an a rtifa c t sin ce no euch sh o u ld er was obtained with e ith e r of two o th er
g ra d ie n ts

I

3
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presence of small amounts of a D-amino acid oxidase present in the
sample.

All of the enzyme preparations used in this study were free

of this contamination.

In later studies conducted in this laboratory

(36) the D-amino acid oxidase of E. aerogenes alvel was found to be
particulate, sedimentating quantitatively in the ultracentrifuge at
a speed of 30,000 rpm for 1 hr.

Since ultracentrifugation was used

routinely, all D-amino acid oxidase activity was lost early in the
purification scheme.
The results shown in Table III were obtained using 52 g (wet
weight) of E

aerogenes alvei cells as starting material

The entire

scheme is readily reproducible provided protein content after ultra
centrifugation is between 30 and 35 mg/ml

Also, it is critical that

.3

2-mercaptoethanol at 10
times

M final concentration be maintained at all

Other reducing agents may be employed; however, they should

first be assayed for available sulfhydryl groups by N-ethylmaleimide
titration (37)

It was found that samples of recently purchased

reduced glutathione and sodium thioglycollate had only 207, and less
than 57, respectively of the theoretical sulfhydryl groups present in
the reduced form

Mercaptoethanol solutions were prepared daily.

During the dialysis, previously chilled buffer was brought to the desired
concentration of ME immediately prior to its actual use.
It should be emphasized that in no case was the same enzyme
solution chromatographed first on DEAE and then on ECTEOLA celluloses;
however, data were obtained to show the purification effected by
each of the two resins when fractions of the same enzyme preparation
were chromatographed.

From such data the results reported in Table III

for the ECTEOLA column are those which probably would have been obtained

had the enzyme from step 4 been chromatographed on an ECTEOLA column
rather than a DEAE column,

Characteristics of the Purified Enzyme

Stability
Maintaining the full activity of an enzyme preparation even
during brief storage was a constant problem throughout this study.
Storage of any enzyme solution in the freezer resulted in a 50% loss
of activity in two weeks.

Solutions containing less than 15 mg/ml

of protein were even less stable

Activity could be maintained for

periods up to six months only by freezing the ammonium sulfate precipitate.
As previously mentioned, lyophilization was of no value.

Quick freezing

small samples in a dry ice - acetone bath again afforded no stability
to the enzyme
The use of ovalbumin or other protein to stabilize the enzyme
was purposely avoided, for it was felt that such a procedure would
introduce unneces^^**

complications into the interpretation of certain

of the data

Molecular Weight
The linearity of the sucrose gradients was established as
follows.

Concentrations of Evans Blue were added to the 5% and the

20% sucrose solutions

Gradients were prepared, centrifuged at 30,000

rpm for 2 hr, and fractionated into 22 fractions containing 20 drops
each.

The absorbancy of these solutions was measured at 600 mp in the

Beckman Model DU spectrophotometer using micro cuvetes.

Duplicate gradients were layered with 0 1 ml of enzyme solution
containing crystalline bovine catalase as a marker.

The aspartase

had been chromatographed on DEAE cellulose and then precipitated from
the active fractions with ammonium sulfate

A small amount of this

precipitate was dissolved in distilled water, catalase was added, and
the mixture was carefully layered on the gradients
35,000 rpm was continued for 15 hr at 3°
were collected.

Centrifugation at

Thirty-six 10-drop fractions

Catalase was assayed in the odd-numbered fractions by

observing the decrease in absorbancy at 240 mp of a peroxide solution
as outlined in the Worthington catalogue (38)

The even-numbered

tubes were assayed for aspartase by the standard assay
From the equations developed by Martin and Ames
of 9.8 and 9 5 were obtained for aspartase

(35),S2q iW values

These values correspond

to molecular weights of 202,000 and 192,000 respectively when the
assumptions that aspartase has a spherical shape
volume of 0 725

and a partialspecific

ml per g are made (35)

pH Dependence
To obtain a more accurate picture of the pH dependence of
aspartase, it was de*. iaed to assay the enzyme at various pH values
with different levels of substrate concentration.

The data thus

obtained were plotted according to the directions of Lineweaver and
Burk (39).

From these plots the apparent maximum velocity (Vmax) and the

apparent Michaelis constant (K^) for each pH were calculated.
Acetate buffer (0.15 M pH 6.00) and a series of 0.15 M Tris-HCl
buffers (pH 6 50, 7 00, 7.50, 8 00, 8.50, and 9.00) were used in this
study.

A series of L-aspartic acid solutions, each brought to the desired

pH with KOH, were prepared,

A sufficient quantity of KC1 was added

to each substrate solution so that the final concentration of
potassium ion in the assay mixture was 0.2 M,

The final assay mixture

contained 0.05 M buffer, substrate and KC1 at the desired concentrations,
10

M MnCl2 , and enzyme in a total volume of 3 0 ml

Fumarate

production at 30° was measured in the Beckman Model DB spectrophotometer.
The results are listed in Table IV
These results are interesting in that an optimum pH of approxi
mately pH 8.5 is indicated.

This value is higher than any previously

reported for aspartase and is more in agreement with the optimum pH
reported for other deaminases: e.g , pH 8 0 for threonine dehydrase (22)
and pH 9 7 for j9’methylaspartase (40)
These results also show an apparent

of 1 5 X 10“^ M at pH 7.0

which is significantly lower than any previously reported.

When the

of the same enzyme solution was measured under identical conditions in
0 1 M phosphate buffer, a Kyj of 2 2 X 10“^ M was obtained which is
in agreement with reported values

This definitely proves the inhibitory

effect of secondary phosphate anion as previously shown by Ellfolk (5)
The pH stabilitv of aspartase was demonstrated by diluting a
concentrated sample of aspartase with each of the same buffers used
in the above study.

These solutions were incubated at 30° for 30 min

and then assayed under standard conditions at pH 7 0

These results

superimposed over a plot of Vraax vs pH are shown in Figure 2.

It is

clearly seen that the enzyme is stable under these conditions between
pH 6.0 and 7.5
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TABLE IV

pH DEPENDENCE OF THE M1CHAELIS PARAMETERS
OF ASPARTASE

5

< ?

( ^ A/min )
6 00

0 028

2 4 X 10'3

6 50

0 053

1 1 X 10'3

7 00

0 125

1 5 X 10"3

7 50

0 286

5 1 X 10‘3

8. 00

0 650

2 9 X 10*2

8 50

0 740

5 2 X 10’2

9 00

0 629

5 8 X 10-2

Conditions are as outlined in text

F ig u re 2
pH DEPENDENCE O F THE ACTIVITY AND THE
STABILITY O F ASPARTASE

C onditions a re as o i'o n e d in tent

Vmax.' -------

\

*

ACTIVITY

REMAINING

Metal Requirements
Aspartase is considered to be a metalloenzyme with a low order
of specificity for a divalent cation (5).

Experiments were undertaken

to render aspartase inactive by removal of the bound metal ions by
various means, so that the affinity for different cations could be
ascertained.

Despite the treatment employed, it was impossible to

reduce the activity in the absence of added metal ions to less than
50% of the original activity.

In one experiment, enzyme was diluted

with an equal volume of 0 1 M EDTA previously adjusted to pH 7.0 with
Tris and incubated in the cold for 1 hr with continuous stirring.

The

mixture was then dialyzed for 48 hr against 0.01 M phosphate buffer
.3

pH 7.0 containing 10

M mercaptoethanol

Again 50% of the original

activity remained and about 85% of the original activity could be restored
II

by adding Mg

.3

to a final concentration of 10

M

The effect of EDTA in the standard assay is shown in Table V.
Contrary to the effect reported for several metalloenzymes, no
stimulation of activity was evidenced at low concentrations of EDTA.
These stimulations are generally considered to result from the removal
of trace amounts of inhibitory metal ions from the enzyme.

Renaturation of Inactive Aspartase Preparations
As mentioned earlier, aspartase solutions are unstable.

It is

of interest to note that all attempts to reactivate aspartase prepa
rations that had lost activity were futile.

Incubation with mercapto

ethanol, thioglycollic acid, cysteine, AMP, IMP, metal ions, EDTA, and
various mixtures of these agents at several concentrations failed to
yield any increase in activity.
unknown.

The nature of the denaturation is

TABLE V

EFFECT OF EDTA ON THE ASPARTASE ASSAY

Concentration
of EDTA
(M)

&A/min
Concentration of Mg-*"**
0 0 M
10‘3 M

None

0.185

0.260

1 X 10~6

0 190

0 260

5 X 10*6

0 185

0 270

1 X io-5

0 200

0.245

5 X 10*5

0 120

0.250

1 X 10'4

0 110

0 250

1 X 10'3

0 090

1 X 10'2

0 065

Assays were set up as usual except that the metal was added last.

The Theory of Two Aspartases
A typical Lineweaver-Burk plot obtained with aspartase is
shown in Figure 3

Such anomalous plots may be indicative of two

separate enzymes, each catalyzing the same reaction but at different
rates (41, 42).

Since Gale had postulated the existence of two

aspartases in 1938 (12), it was decided to reinvestigate this
possibility in several ways.
The work of Ellfolk (5) showed that

aspartase could

quantitatively precipitated by protamine sulfate.

be

A crude sonic

lysate of E. aerogenes alvei and a solution of protamine sulfate
(1 mg/ml) in 0 05 M Tris*HCl buffer pH 7 0 were prepared

Into each

of six 50-ml centrifuge tubes were placed 1 0 ml of enzyme and either
0 0 ml, 2 0 ml, 4 0 ml, 6 0 ml, 8 0 ml, or 9 0 ml of the protamine
sulfate solution

Sufficient Tris-HCl buffer (005 M pH 7.0) was added

to each tube to bring the total volume in each case to 10 0 m l . The
tubes were placed in an ice bath, stirred for 30 min, and then
centrifuged for 20 min in the Servall RC-2

at 15,000 rpm.

Km '8 were

then determined on each sample.
In a similar experiment, a sample of the crude lysate was
incubated with one-twentieth volume of 1 M MnCl2 in an ice bath for 20
hr.

Samples were removed periodically and centrifuged in the Servall

RC-2 for 20 min at 15,000 rpm

Again Kj^'s were determined for each

sample.
DEAE and ECTEOLA cellulose columns were also set up as usual,
and Lineweaver-Burk analyses were run on all of the active fractions.
It was reasoned that if two different aspartases existed,
one of the above methods would separate them, yielding fractions with

F igure 3
TYPICAL LINEWEAVER BURK PLOT OBTAINED WITH ASPARTASE
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different kinetic parameters.
was not the case.

It was observed, however, that such

In all of the experiments a family of S/V vs S

curves were obtained which gave identical kinetic parameters.

It was

therefore concluded that only one aspartase exists and the abnormality
in the Lineweaver-Burk plot at high substrate concentration is due to
the presence of additional active sites which come into play under
these conditions (42)

Effect of AMP
It was concluded that AMP has no effect on the aspartase
activity or stability, for the following reasons.
(1)

Purification of the enzyme cither in the absence or

presence of AMP (the concentration was maintained at 10

-4

M) resulted

in enzyme preparations of identical activity and stability.
(2)

AMP

when added

to the assay aid not result in anincrease

in activity of the enzyme, as shown in Table VI
(3)

In a density gradient centrifugation experiment, all of the

gradients were fractionated into 22 samples each containing 20 drops.
Two sets of samples were diluted to 1 0 ml with 0.05 M Tris-HCl buffer
pH 7,0 and assayed for aspartase and protein
diluted with the same buffer containing 10
in the cold, and then assayed as above.

.3

The other gradient was
M AMP, incubated for 2 hr

Identical activity profiles

were obtained with all three gradients (see Figure 1) showing that
AMP does not activate aspartase by causing a polymerization of inactive
monomers.
Although
pH of

the experiments reported here have shown

theoptimum

aspartase to be 8 5, routine assays were conducted at pH 7.0

\

TABLE VI

EFFECT OF NUCLEOTIDES ON ASPARTASE ACTIVITY

Addition

pMoles NH^ / hr

None

13.3

AMP

12 2

AMP and ME

13 5

AMP and TGA

13 7

IMP

13,5

IMP and ME

13.7

IMP and TGA

13.5

ME

13.9

TGA

13 7

Each assay contained 1 0 ml of 0 3 M phosphate buffer pH 7.0, 0.3 mi
of 0.5 M L-aspartic acid previously adjusted to pH 7.0 with KOH, 0.1
ml of 10
M MnC^, 0 ; ml of enzyme solution containing 11.25 mg of
protein per ml and having a specific activity of 174, the additions,
and water to a total volume of 2 8 ml. All additions were previously
adjusted to pH 7.0 with KOH if necessary and assayed at a final
concentration of 10*^ M
After Incubation for 15 and 30 min, the
reaction was stopped by the addition of 0.2 ml of 25% trichloroacetic
acid. Ammonia concentration was measured by the Conway technique.
The temperature during the incubation period was maintained at 30°.

because of increased stability at this pH, and because it is easier
to compare one's results with those in the literature, nearly all of
which were obtained at pH 7.0.

This lower pH value is on that part

of the pH optimum curve, regardless of buffer employed, where slight
changes in pH cause very significant changes in the rate.

It is there

fore concluded that much of the conflicting data in the literature
concerning the stimulation of aspartase by formate, glutathione, AMP,
IMP, cysteine, and other such compounds are probably the result of
minute changes in pH.

DISCUSSION

Aspartase is an enzyme possessing several unique properties.
It appears to be absolutely specific for L-a&partic acid and fumarlc
acid, although Emery has reported that hydroxylamine can substitute for
ammonia (16).

It has a very high molecular weight, about 200,000

when analyzed in the preparative ultracentrifuge by the method of
Martin and Ames (35).

It is quite probable that significantly

different molecular weights will be reported when preparations of
aspartase are analyzed by more sophisticated techniques
The enzyme exhibits a definite divalent cation requirement which
can be satisfied equally well by either magnesium or manganese.

It

is of interest to note that procedures commonly used to render metalloenzymes inactive are not effective with aspartase

Even after prolonged

dialysis against ED1A, at least 507c of the original activity was present
in the absence of added metal ions

It is not known whether this is

the result of a tightl\ bound metal-enzyme complex or the result of a
very low requirement for a metal ion.

That is, the enzyme may have

activity in a completely metal-free system; and the metal, if present,
does not function by forming an enzyme-metal-substrate complex, but
merely affords additional activity in an ancillary manner.

For example,

it may complex with some Inhibitory group, aid in the dissociation of
some necessary group, or complex with the product and thus render it
incapable of inhibiting the reaction.
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Aspartase was found to exhibit a pH optimum at pH 8.5 which
is higher than any pH optimum previously reported for aspartase.
It must be remembered that the value reported here was obtained by
plotting the Vmax vs pH, whereas the data of other investigators were
obtained at a fixed substrate concentration

Any pH optimum data

obtained with phosphate buffer are not comparable to those obtained
with Tris-HCl buffer since the inhibitory effect of secondary phosphate
anion has been clearly shown by the results reported here and by
Ellfolk (5),
All of the Michaelis constants reported in the literature were
obtained in phosphate buffer (see Table II)

Again, these values are

not truly indicative of the uninhibited aspartase system

Values of

1,5 X 10’^ M were obtained using Tris-HCl buffer at pH 7.0 and of 2.2
X 10”^ M using 0 1 M phosphate buffer at pH 7 0
Since aspartase is routinely assayed at pH 7 0 despite the
fact that its pH optimum is pH 8 5 , very careful control of the pH
must be exercised

It is possible that the conflicting reports concerning

activation or inhibition of the reaction by various reagents are the
result of minute pH changes
When the data reported in Table IV were analyzed by the method
of Dixon (43), the graphs shown in Figure 4 were obtained.

These

graphs upon interpretation yield information concerning the pKa 's of the
ionizing groups on the enzyme (E), substrate (S), and the enzyraesubstrate

complex (ES)

It should be noted, however, that the pKa 's

of the ionizing groups of aspartic acid are 2.09, 3.86, and 9.82 (44).
Since the

pH range under discussion is pH 6.0 to 9.0, the ionization

of any of

these groups should not affect the data and therefore they

will be ignored in the following discussion.

Figure 4

EFFECT ON KINETIC PARAMETERS OF ASPARTASE

pKm

PH

When the negative logarithm of the Michaelis constant (pK^) is
plotted vs pH and the scales of both ordinate and abscissa are
uniform, a curve is obtained which gives information concerning the
ionizing groups on E, S, and ES

The

graphconsists of straight line

segments joined by short curved parts
integral slopes, _i
or negative.

Thestraight portions have

zero or one-unit or two-unit slopes, positive

Each bend indicates the pK

of an ionizing group in

one of the components and the tangents when produced intersect at a
pH corresponding to the pK

Each pK

A

In the slopeIf the change
nature ( e g

-1

slope to

A

produces a change of one unit

in the slope is to one of a more positive
0

,

0

slope to

1

), then the pKa indicated by the

intersection of tangential segments drawn to these slopes is the pKfl of
a group on ES

If, however, the change in slope is to a more negative

value, the pKa 's are those on E or S
Such analysis of the curve obtained with aspartase reveals the
presence of ionizing groups in E with

pKa ’s at pH

6

Such pKa 's are probably assignable tothe imidazole
The presence

of two pKa '$ in the region of pH

6

35 and

6

85.

group of histidine.

5 could be indicative

of two separate groups or of the associated and the dissociated forms
of the same group if both forms were required in catalysis.

Jencks

(45) has listed some valid reasons for not immediately assuming that
any pKfl close to neutrality is that of an imidazole.

Nevertheless,

until inhibitory studies of a more definitive nature are done, it is
reasonable to assume that the groups correspond to imidazole.

Such

a group was postulated by Ellfolk (5) from a study of the pH optimum
of aspartase.

The pKM plot also indicates an ionizing group on ES with a
pK- of 8.5.
Cl

It should be noted that abnormalities in addition to

those previously discussed were present in the kinetic studies at pH
values greater than 8.0.

Various plots of velocity vs substrate

concentration have been presented in Figure 5
can be seen that IL and V
n
max
only estimates.

values at pH

8

From these curves it
5 and 9.0 are, in reality,

Therefore, it is possible to interpret Figure 4 as

indicating a group with a pKfl of about

8

5,

This group is probably

a sulfhydryl group as indicated by the requirement of aspartase for
additional mercapto groups to preserve activity of the enzyme.
If the logarithm of the maximum velocity (log Vmax) is plotted
vs pH, information concerning ionizing groups on ES alone are
obtained.

Again pKa 's in the neighborhood of pH 8-5 (8,1 and 8.75)

were obtained
While measurements of velocity at high substrate concentrations
give the pKa 's of the ES complex, measurements at very low substrate ‘
concentrations give tne pKa 's of the free E and S
vD- (Vmax/^n)®
of E and S.

At low concentrations

From this value it is possible to determine the pKa 's

Since in ti>e case of aspartase, the ionization of the

substrate is of no concern in the pH

6

to 9 range, any pKa *s produced

in such an analysis would be those of E,

As shown in Figure 4, log vQ

vs pH indicates groups on E which have pKa 's at 6.7 and 7.25.

These

values are in agreement with those obtained from the pK^ vs pH curve.
From these data it is possible to state that the free enzyme
has one or two ionizable groups with

pKa 's at pH 6.5*0.2 and 7.0 • 0.2.

These groups are probably indicative

of the Imidazole group of histidine.

Also the ES complex has an ionizable

group with a pKaabout 8.5.

group is probably the thiol group of

cysteine.

This

Figure S

REPRESENTATIVE KINETIC RESULT- OBIAlNED WITH ASPARTASE

Details are outlined in text. The abnormalties obtained
at pH 8.5 and 9.0 are clearly indicated.

e.o

6.5

A serious objection to the Dixon analysis of the pH dependence
of the kinetic parameters has been presented by Bruice and Schmir (46)
They have shown that if any equilibrium steps exist prior to the ratedetermining step, then the apparent pKa 's indicated by such a study
could vary considerably from the true dissociation constant of the
ionizable group.

However, since the actual mechanism of the aspartase

reaction is unknown at this time, the result- .'brained by the Dixon
method may have a valid significance
From the analysis of all available data, it is possible to
postulate that the aspartase reaction proceeds by a carbanion mechanism
as illustrated in Figure

6

The initial step in this reaction

the abstraction of a proton

by a nuc1eophiILc group on the enzyme ("B" i > f igure
probably an

imidazole

The pair of fre

would attract the ^-hydrogen and
eventually abstracting the proton
carbanion would

then

attraction of another
sulfhydryl group

then the *S

and

), which i*

on the imidazole

weaken the carbon-hydrogen bond,
leaving

a

carbanion

The

expel the amino group, possibly through the
nucleophile

Bril:

reaction this secant

thus

electrons

6

step

which

may

be

the ionized form of the

(40) proposes that in the ^3-methylaspartase
occurs spontaneously

If this is true here,

could act as one of the binding sites for the substrate

The other two binding sites are indicated by "A" in Figure

6

These groups could be any cationic groups such as the C-amino group
of lysine

The divalent metal may be important in binding by forming

a bridge between two negatively charged groups or may stabilize a
dianionic structure on the ^-carboxyl group (47)

Figure 6
POSSIBLE MECHANISM O F THE ASPARTASE REACTION

H

COO"

H

A

COO"

A

COO"

A

This scheme is compatible with available data.

The Dixon

analysis above indicates that imidazole and sulfhydryl groups
are present at the active site.

Roles for each of these groups and

for the metal are assigned in this mechanism.

It must be remembered

that other possible roles for the metal have already been presented.
A carbanion mechanism is usually characterized by the absence of
a deuterium rate effect and by the occurrence of deuterium exchange (47).
The data of both Englard (28) and Krasna (29) have shown that neither
occurs in the aspartase reaction.

It is possible, however, that in

an enzymatic reaction the substrate may be bound to the enzyme in such
a manner that exchange with the solvent is prevented

Therefore, the

absence of observable deuterium exchange does not necessarily indicate
that the reaction does not proceed by a carbanion mechanism (48).
This mechanism is also in agreement with the concept of a trans
elimination as proposed by Gawron and Fondy (30)
As indicated by the data of Halpern and Umbarger, aspartase is
important metabolical1 y in the biodegradation of amino acids (27)
In an amino acid-rich medium, the amino group of other amino acids
could be transaminated to oxaloacetate to form aspartate and the appropriate
keto-acid.

The aspartate would be converted through the action of

aspartase into fumarate and ammonium ion.

The latter would then be

eliminated, and fumarate could be utilized as a source of energy via
the citric acid cycle, if it is present.

In an anaerobic organism,

fumarate could then be converted to malate and then oxidized to
oxaloacetate which could cycle through the scheme again or which could
be decarboxylated to pyruvate

Pyruvate could undergo phosphoroclastic

cleavage to yield CO 2 and acetylphosphate, a source of chemical energy,

A number of reactions for the utilization of fumarate are possible
depending on the particular organism and its metabolic requirements.

SUMMARY

A purification scheme for aspartase was developed which yielded
a 30-fold purification of the enzyme.

The resulting product was free

of any enzyme which would complicate the study of aspartase, and it
possessed a specific activity greater than any previously reported.
The characteristics of aspartase were studied, and It was
concluded:
(1 )

that aspartase is a single enzyme and not two enzymes as

previously proposed,
(2 )

that it is activated by high substrate concentration,

(3 )

that it is a very acidic protein,

(4)

that AMP has no effect in the activation or stabilization

of the enzyme,
(5)
2

that it is stabilized by the presence of 10“-* M

-mereaptoethanol, and
(6 )

that it

may

be activated by divalent cations in a manner

different from that normally encountered in metalloenzymes.
The pH dependence of the kinetic parameters was investigated,
resulting in the following observations:
(1)

the optimum pH In Tris-HCl buffer is pH 8.5,

(2)

the enzyme is stable from pH 6.0 to 7.5 In Tris-HCl

(3)

the apparent

buffer,
is 1.5 X 10”^ M at pH 7.0 in Tris-HCl buffer,
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(4)

the enzyme probably contains histidine and cysteine

at the active site.
the metabolic role and the mechanism of catalysis of
aspartase were reexamined.

The biochemical reactions of Bacterium

cadaveris Gale, 1944, were reinvestigated.

It is recommended that

the name of this organism be changed to Enterobacter aerogenes sub
species alvel.
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APPENDIX

The classification of the experimental organism employed in
this study has been the subject of considerable discussion in the past.
Experiments were undertaken, therefore, to redetermine its biochemical
reactions and to assign it a place in the systematic nomenclature used
in Bergev*s Manual of Determinative Bacteriology (1).

Historical
The organism was isolated by Gale and Epps (2) from pieces of
meat left to putrify in phthalate buffer at pH 4

The organism was

obtained in pure culture by plating on casein digest - glucose agar.
Dr. Tomlinson of the Emergency Public Health Service classified the
organism as follow*':
"acid and gas (24 hrs) in glucose, maltose, mannose; (5
days) in sucrose; no fermentation in lactose or salicin;
Indole negative; non-motile Gram negative rod; the organism
may therefore be classified in the paracolon group. A
culture has been deposited with the Nationsl Collection
under the classification number 6578."
In 1945 a culture was deposited with the American Type Culture
Collection by N. S. Ferry; it was given the classification number
ATCC-9760.
The organism has been studied for a number of years in our
laboratory as well as those of Gale and Lichstein.

We obtained our

culture from Dr. Lichstein in 1950 through the courtesy of Dr. J. F.
Christman.

This culture has been carried throughout the entire time

on a medium composed of 1% yeast extract, 17. tryptone, and inorganic
phosphate.
56

In 1955 the first discussion on the validity of the name
Bacterium cadaveris occurred,

At that time Dr, R. S. Breed, Chairman

of the Editorial Board of Bergey's Manual, in a personal communication
to Dr. V. R. Williams recommended that the organism be called "Bacterium
cadaverls Gale, 1944" and that the following footnote be used in
subsequent publications:
"Breed has called my attention to the fact that Bacterium
cadaveris Gale, 1944, 1b an illegitimate homonym of
Bacterium cadaveris Chester, 1897 (Ann Rept. Del. Col. Agr.
Exp. Sta, , 2, 1897, 126; also see Chester, Man. Determ.
Bact., 1901, 184; and Migula, Syst. der Bakt., 2, 1900, 510)The latter organism was originally described by Sternberg
as Bacillus cadaveris (Researches Related to the Etiology
and Prevention of Yellow Fever, Washington, 1891, 212) and
is apparently a Clostridium, possibly identical with
Clostridium perfringens Holland,"
The genus Paracolobactrum is composed of organisms related
biochemically to most of the recognized genera of the Enterobacteraceae
and characterized primarily by the delayed fermentation of lactose.
In 1958, the Enterobacteraceae Subcommittee recommended to the Nomenclature
Committee at the Seventh International Congress of Microbiology at
Stockholm that the genus Paracolobactrum not be recognized.
It was therefore felt that a reinvestigation of the biochemical
characteristics and

a

reclassification of the organism was indicated.

Experimental Results
The following tests were run as outlined in the Methods Section
of Skerman, Guide to the Identification of the Genera of Bacteria (3).

Description of Organism and Cultural Characteristics
The organism is a small, unicellular, Gram-negative rod.
motility, spores, and capsules could not be demonstrated.

Flagella,

Colonies on

agar slanta are small, discrete, whitish, rounded, and slightly raised,
It is a facultative aerobe.
Slow growth was observed on Levine's EMB plates producing small
pinkiBh colonies with a metallic sheen.

Tryptose and proteose broths

supported rapid growth with pellicle formation.

Growth was also

observed on glucose - mineral salts medium and ammonium phosphate agar.
Aspartic acid can be used as a source of both carbon and nitrogen.

Biochemical Tests
a. glucose

- acid and gas ( 2 4 - 4 8 hr)

b. lactose

- no fermentation (30 days)

c

- acid produced early (24 hr), the pH

sucrose

became more alkaline (48 hr); very small
amounts of gas produced
d.

mannitol - acid (24 hr) and gas (48 ■ 72 hr)

e.

inulin - no acid (72 hr)

f.

maltose - acid and gas (24 • 48 hr)

g.

trehalose - acid (24 hr)

h. sorbitol

- no acid (72 hr)

i. glycerol

• acid (24 hr)

j. xylose - very poor growth
k.

alginic acid • no acid or gas

1.

litmus milk • no change (7 days)

m. indole - negative (72 hr)
n. starch - no hydrolysis
o. gelatin

- no hydrolysis

p. agar - no hydrolysis

q-

hydrogen sulfide - negative

r.

blood agar - no hemolysis

s.

MRVP - negative

t.

urease - negative

u.

catalase - positive

v.

citrate broth - no growth

days)

(6

Conclusions
The organism is definitely a Paracolobactrum

The MRVP tests

which were consistently negative prevented a classification into
either the coliforme or the aerogenoides group
was sent to Dr

W. H

Therefore, a culture

Bwing at the Enteric Bacteriology Unit of the

Communicable Disease Center in Atlanta, Georgia, for serological typing
He replied as follows (personal communication June 1, 1964):
"The biochemical reactions given by the strain are
similar to those given by members of the Hafnia
group, hence 1 would classify it as Enterobacter
aerogenes subspecies alvei (formerly Aerobic ter
aerogenes subspecies hafniae) "
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